Recent studies have reported that the inclusion of new technological elements such as augmented reality (AR), for educational purposes, increases the learning interest and motivation of students. However, developing AR applications, especially with mobile content, is still a rather technical subject; thus the dissemination of the technology in the classroom has been rather limited. This paper presents a new software architecture for AR application development based on freely available components; it provides a detailed view of the subsystems and tasks that encompass the creation of a mobile AR application. The typical task of plotting a quadratic equation was selected as a case study to obtain feasibility insights on how AR could support the teaching-learning process and to observe the student's reaction to the technology and the particular application. The pilot study was conducted with 59 students at a Mexican undergraduate school. A questionnaire was created in order to obtain information about the students' experience using the AR application and the analysis of the results obtained is presented. The comments expressed by the users after the AR experience are positive, supporting the premise that AR can be, in the future, a valuable complimentary teaching tool for topics that benefit from contextual learning experience and multipoint visualization, such as the quadratic equation.
Introduction
Even though the first world countries are implementing different technological approaches to encourage the teachinglearning process to be more attractive, motivating, and meaningful to the students [1] ; in countries such as Mexico, those approaches are still based on the traditional learning models, where the students attend a lecture, take notes on what the teachers write on the whiteboard, memorize facts from books, slides, or videos, and take written exams. In this context and as a result of different studies [2, 3] , it was observed that there is still a necessity to integrate complementary technologies that can be exploited to enhance or create new types of learning environments for students and teachers.
In their 2011 second-order meta-analysis and validation study, Tamim et al. [4] examine four decades of educational research and reveal a significant positive small to moderate effect size favoring the use of technology in the experimental condition over more traditional technology-free environment. Thus attesting the essence of what the existing body of the literature says about how computers in the classroom can enrich the teaching-learning process and boost student achievements, compared to teaching without such aids.
One of the technologies that both researchers and professionals have striven to bring into the classroom is augmented reality (AR). The main idea is to exploit the ability offered by the AR to enhance the user senses by manipulating virtual objects superimposed on top of the real world scenes [5] .
As it was shown by Kerawalla et al. [1] , AR applications have been developed to be used for training and educational purposes since the advent of AR, although the enabling technologies at the time have limited its dissemination. As mobile devices become part of everyday life, the feasibility for delivering compelling AR applications increases. Johnson et al. [6] state the potential these applications have to provide contextual, on-site learning experiences such as in teaching-learning 2 Mathematical Problems in Engineering environments. According to Chang et al. [7] , AR bridges the gap between the real and the virtual in a seamless way.
Several researchers such as Chang et al. [7] , Yuen et al. [8] , Dede [9] , and Henderson and Feiner [10] have shown how AR improves individual's performance in learning a variety of physical skills via the combination of AR simulations, training exercises, and tactile feedback interfaces. Kerawalla et al. [1] also presented how AR applications engage, stimulate, and motivate students to explore class materials from different angles. By using AR technology alongside traditional educational materials like assignments, lectures, and textbooks, a new type of automated applications that enhances the effectiveness and attractiveness of teachinglearning process in real life scenarios can be created [11] .
Particularly, the teaching-learning process in Mexican schools still relies mostly on students taking notes during lectures, following examples on whiteboards, and having textbook homework. One of the problems with this approach, for example, in mathematics, is having to memorize and master step-by-step arithmetic algorithms instead of focusing on conceptual understanding [12] . Then, it is important to observe how the insertion of new technologies, such as AR, can affect the teaching-learning process in Mexican schools.
After several research works, it was detected that one of the main obstacles to insert AR as a tool in classrooms is the lack of programming and 3D modeling skills that the teachers outside the computing area often have, as well as the limited number of authoring systems to easily and rapidly deploy the applications [13] . Even though in the literature there are several research works covering the subject of AR in the classroom, only a few depict an open framework for creating the AR content to support it. As far as we know, for the particular case of Mexico, no documented study has been yet conducted and published about the experience and impact of using AR inside the classrooms. This paper presents a software architecture based on freely available components, as well as a detailed view of the stages associated with creating an AR application and the final user experience. The plotting of a quadratic equation and its correspondent coefficient manipulation was selected as a case study in order to obtain insights on how AR could support the teaching-learning process and the student's reaction to the technology and application. The created AR application allows the user to graph and interact with the quadratic equation coefficients. The aim of the study is not only to provide a glimpse of what AR technology could bring into the classrooms in the near future but also to offer a framework that can be used to create compelling experiences; then when implemented effectively, it would allow AR to become a tool in the teaching-learning process for mathematics courses in any curricula.
The rest of the paper is organized as follows. In Section 2, the related works and a comparison of them are presented. In Section 3, the framework to create the so-called pARabola application is thoroughly explained. Section 4 discusses the proposed scenario for the AR pilot study and presents a brief description of the participants. The creation of the evaluation questionnaire, the related questions, and the results obtained after applying the instrument are shown in Section 5. Finally, the conclusions and further works are presented in Section 6.
Literature Review
According to the study made by Martin et al. [14] in 2011, there have been between 200 and 300 published papers found on Google Scholar each year from 2004 to 2010, which tackle the issue of AR in an education related environment. Some of the most recent and significant publications related to our work are briefly described in the following.
In 2006, Kerawalla et al. [1] presented a study that involved 133 ten-year-old children and their experience with a magic mirror AR configuration (webcam and whiteboard projection). The children were split into groups and attended traditional teaching sessions as well as AR aided lectures. Based on the data analysis, kids found the AR material interesting and enjoyable, but evidence still pointed that children using AR were less engaged than those using traditional resources such as role playing. The authors suggest several requirements that need to be considered if AR is to be successfully adopted into classroom: flexible content that teachers can adapt to the needs of their children, guided exploration so learning opportunities can be maximized, in a limited time, and attention to the needs of institutional and curricular requirements. In contrast, a study conducted by Cascales et al. [15] in 2013 with two groups of preschool children concluded that AR content served as a catalyst providing a real motivation and stimulus for the children and promoted a much more active behavior, such as interaction between students and teachers, communication skills, and a better understanding of the topic.
A pilot study made in 2011 by Mejías Borrero and Andújar Márquez [16] featured a remote AR based lab system for electrical engineering education that enabled teachers and students to work remotely in classroom labs, including virtual elements which interact with real ones. The setup included two lab tasks to be completed by a group of students and teachers using three different configurations: traditional classroom lab, virtual lab, and augmented remote lab. The results showed that even though 85% of the students completed the first task on the virtual lab and only 80% on both the classroom lab and the augmented remote one, the second task was clearly surpassed by the latter with 90% and only 65% by the former. The work is aimed at contributing new means to remote lab practices without neglecting the loss of realistic sensation usually involved with simulation.
The work presented by Billinghurst and Dünser [17] in 2012 surveyed user studies investigating AR value in both elementary and high school classrooms. Not only did they provide insights into how this technology can enhance traditional learning models, but also they identified what obstacles stand in the way of its broader use. They found that both research results and classroom studies of educational AR applications were largely positive, supporting the idea that AR can be a valuable teaching tool at these levels. The authors also pointed out that some obstacles remain in making AR experiences part of the average classroom: one being the lack of content-creation tools, and unless such tools become usable without requiring high technical skills, AR interfaces most likely will not catch on in the mainstream curriculum. Based on the flow theory proposed by Mihaly [18] , which states that flow is a positive psychological state that is challenging, intrinsically rewarding, and enjoyable and tends to occur only when a person is actively engaged in some form of clearly specified interaction with the environment, Bressler and Bodzin [19] designed a mobile AR serious game in 2013 targeted to secondary students as a way to assess students' flow experiences during a mobile AR science game. Employing pre-and postsurveys, field observations and group interviews data were collected and analyzed; the results showed that the mean flow experience score was 41.2 out of 50 indicating that the average player had a substantive flowlike experience. Field observations further supported students experiencing flow; specifically, the researcher observed students' enjoyment and undivided attention.
The survey conducted by Wu et al. [20] in 2013 references more than 50 research works that focus on AR and related educational issues, looking at the instructional approach adopted by an AR system and the alignment among technology design and learning experiences. The paper presents three categories of instructional approaches that emphasize the roles, tasks, and locations and discuss what and how different categories of AR approaches may help students learn. The main idea is that viewing AR as a concept rather than a type of technology would be more productive for educators, researchers, and designers.
In the work of di Serio et al. in 2013 [21] , the authors investigate the impact of traditional slide based and AR aided learning scenarios on visual art middle school student motivation. Data was collected at the end of each session using an adapted version of the Instructional Materials Motivation Survey (IMMS) which encompasses attention, relevance, confidence, and satisfaction as motivation factors. At the end, paired-sample -tests were carried out to compare motivation between the two teaching scenarios and the results indicated that there is a statistically significant difference. Students were moderately motivated by the traditional way of teaching the course and slightly more motivated when AR technology was used.
Three AR learning environments used in genuine classrooms contexts were presented in 2013 by Cuendet et al. [22] . The applications codesigned with teachers were called Tinkerlamp, which is an environment to train vocational apprentices in the domain of logistics; Tapacarp, developed for carpenter apprentices, and Kaleidoscope, created to support geometry learning. These applications stem from the Tinker project by Jermann et al. [23] in 2008 and backed by years of collaboration between the researchers and teachers, by the CSCL (Computer Supported Collaborative Learning) community, and by different studies spanning 10 classes from 5 schools. As a result of the implementation and evaluation of the systems, the authors propose five design principles that all the learning systems that are meant to be used in classroom must fulfill: integration, awareness, empowerment, flexibility, and minimalism. These principles are mainly used to illustrate the big gap that exists between a system that supports learning and systems that works well in a classroom.
The work presented by Cheng and Tsai [24] in 2013 identifies two major approaches of employing AR technology in science education, namely, image based AR and location based AR. According to their review these approaches may result in different affordances for science learning. The students' spatial ability, practical skills, and conceptual understanding are often afforded by image based AR, while location based AR usually supports inquiry based scientific activities.
Given the nature of the proposed architecture and experimental application in this paper, a summary of works regarding image based AR for teaching-learning is shown in Table 1 . A literature review of empirical studies and theoretical papers focusing in AR and its affordances in education, frameworks, and principles guiding the design of AR applications was conducted. to 2014. Major electronic databases such as IEEE Xplore, ACM Digital Library, SpringerLink, ScienceDirect, and conference papers, specifically those published in the International Symposium on Mixed and Augmented Reality (ISMAR), were included. After examining and discussing the content, it was detected that articles which tackled the possibility of using AR for teaching-learning typically did not explain how to design and build the AR application. The papers only focused on trying to explain how AR could impact the learning paradigms. By the above, this paper presents both a detailed example of an AR application created following the proposed framework and the result of a usage experience in a Mexican classroom.
Framework to Create the pARabola Plotting Application
Frequently, the AR applications are developed using an authoring system that allows building the educational content. However, the commercial tools do not offer a way to easily develop the AR educational content. Typically, AR systems may be quite different in detail, but all of them share a common basic architecture. Furthermore, there are fundamental components and subsystems that can be found in most of AR applications such as tracking the user's position, mixing real and virtual objects, processing, and reacting to context changes and user interactions [25] .
In this paper, the first stage consists in developing a simple, practical, and illustrative AR mobile application for plotting a quadratic equation. The main requirements to create the application are the following: (a) it needs to run on devices with android operating system (AOS), (b) offers an alternative tool for undergraduate students to understand the concept of a quadratic equation, (c) graphically shows what happens when the coefficients of the quadratic equation change, and (d) creates an easy to use framework for agile marker based AR. The application was called "pARabola plotting, " writing the letters "A" and "R" in upper case to refer to the AR concept.
The general structure shown in Figure 1 (a) was used to build the pARabola plotting application. Additionally, the specific components and platforms used to develop the newly proposed framework are shown in Figure 1 (b). Furthermore, in Figure 2 , a simplified class view of the framework used to develop the sample application is shown.
Presentation Subsystem.
The presentation subsystem is responsible for displaying video output of the real world and rendering the 3D augmentations for the user. After exploring and evaluating different tools such as Director, Open-SceneGraph, OGRE, D'Fusion, Papervision3D, and native OpenGL, Unity3D was selected for this task. Unity3D offers rendering capabilities, multiple built-in shaders and effects, a physics engine, a collider detector, and a particle generator that can be used to plot equations in 2D/3D space. The built-in particle generator is an important aspect of this subsystem because the particles emitted can be organized in such way to follow a predefined path described by a quadratic function. Thus, it is used as the main plotting component. An example of using the particle system to plot a parabola is shown in Figure 3 . The result of this stage is a prefab to encapsulate the plotting functionality of the particle system.
World Model Subsystem.
The main goal of the world model subsystem is to store and provide access to a digital representation of the real world; this includes the fiducial marker patterns, data about interest points, and the 3D objects that are going to be used in the augmentation. This subsystem is not a standalone component inside the framework; it represents the link between classes from the tracking library and the visual scene editor. The former knows which marker patterns to look for and how to interpret them, while the latter acts as hierarchical container for all the blueprints of the components inside the virtual scene ready to be used by another subsystem inside the main application loop.
When a marker appears inside a scene, it is associated with a plotting prefab to indicate which object should be displayed when the marker is detected on the scene. For this particular case, the object displayed is the graph of the parabola associated with the parameters selected by the users. The marker used for the application is shown in Figure 4 .
Context Subsystem.
Context subsystem is responsible for providing the entire system with contextual information about status; it can be either static or real time information as the application is running. This includes tracking information, although generally this task is delegated to the tracking subsystem. The framework uses scripts attached to empty objects inside Unity3D. This is made by implementing the blackboard pattern where objects can write information to it and can be read by any other object that needs it.
Tracking Subsystem.
The tracking subsystem is a key component on any AR system; it is responsible for thresholding, filtering, marker detection, and pose estimation. All the information obtained is relayed to the rendering system to add the virtual elements and compose the final scene that will be viewed by the user. In order to maintain the illusion that the real and virtual worlds coexist as one, artifacts and jitter induced by the tracking library should be kept to a minimum without sacrificing response time.
While some of the existing libraries are capable of robust real time marker tracking, they also have some limitations such as cost, platform support, and cumbersome implementation. This drawback was solved using the Vuforia SDK 6 Mathematical Problems in Engineering which is a well-developed, stable, documented, and supported framework created by Qualcomm. With the modified particle emitter prefab created, the second step was bringing AR into the mix to do it; Qualcomm's Vuforia Unity plug-in was used. A new Unity3D project was created with an empty scene; additionally an AR camera object and its associated scripts for initialization were added. At this stage, it is necessary that every frame captured was relayed to the tracking component and ensures the finalization of the capture.
Before reaching the tracking subsystem, Vuforia converts every frame captured by the camera to a suitable format for OpenGL ES rendering and for the tracking operations. The tracking subsystem contains the computer vision algorithms that detect and track real world objects inside the video frames captured by the camera. As a result, the tracking component stores the information obtained in a state object (part of the context subsystem) used by the renderer module to ensure a correct positioning and representation of the 3D object in the video feed of the real world. The tracking-update loop will be executed for every frame that is going to be processed.
Interaction Subsystem.
The interaction subsystem gathers and processes any input that the user makes deliberately. Many different types of interfaces for AR have been developed over the years, each with its own advantages and limitations. Based on the categorization presented by [26] , where a definition about how the user can interact with mobile AR content is discussed, a touch based graphical user interface (GUI) approach was selected and implemented for this research. The main advantage is that no extra hardware was required aside from the mobile device itself, and most smartphones users will feel comfortable with such interface.
The pose estimation process was handled by the Trackable-Behaviour Class from Vuforia and then relayed to Unity3D in order to change the transformation data for the entity. In order to respond to user inputs, a custom class was implemented and attached to the camera object to ensure that the GUI is always visible to the user and ready to relay information to the presentation subsystem when it detects user interaction with the device.
A tap on the screen will trigger a chain of events to evaluate if any GUI element was touched, verify the presence of a valid marker inside the scene, validate any changes to the exposed properties, and, finally, invoke the corresponding method to update the entity with the new information.
Part of this subsystem was implemented in the form of the C# classes accompanying the plotting prefab and the complementing GUI script responsible for drawing the user controls on the device screen and responding to the interaction. All of this was attached to the AR camera. Thus, the final tracking-interaction-update loop was completed. For every frame, the camera is active on the application, the GUI script will get called and listen for any user interaction, and if a slider is touched and its value changed, it will send a message to the script inside the plotting prefab in order to reposition the particles.
The tracker component will analyze the content and update the state object for the renderer. The renderer will update the scene reflecting both the new pose of the 3D element according to the marker position and any changes that the model may have experienced.
The particle system is capable of rendering individual particles at predefined coordinates, but in order to be able to response to user interaction (e.g., coefficient changes), several objects were created. In order to do this, 2 parameters which regulate the scale and resolution of the plot (2 left and bottom sliders of Figure 5 , resp.) and 3 coefficients representing the constants , , and of the parabola equation (3 top right sliders of Figure 5 ) were added to the GUI. Figure 5 shows the pARabola application running inside Unity3D.
The final application was meant to showcase the technology, yield an AR experience for the students, and serve as visual aid on the quadratic equation topic; the user is free to interact with the GUI sliders to easily replot the equation in real time as the coefficients change, move around the plot to see it from different perspectives, interact in the same physical space with fellow students, and repeat any actions as many times as needed.
Up to this point, the application was ready to be deployed as a single user standalone package (apk file) to any device running Android 2.2 OS and upper, with at least an ARMv6 + VFP CPU. A video demo of the application running on a HTC One S phone has been uploaded to the web (http://youtu.be/ eS7DvvymNFE).
The Mobile Augmented Reality Pilot Study
After reading through the literature and based on our own experience as teachers for different subjects, we believe that the students will find the AR content to be enjoyable and useful and that this technology can become a complementary tool of current classroom dynamics.
The study began with an investigation about the topics in which professors at undergraduate level have more complications in explaining the basic concepts. After performing several interviews with professors, it was detected that mathematics concepts were typically difficult to explain to the students. Due to this finding, the interviews were particularized with mathematics and physics professors.
The analysis of the interviews allows us to detect that, frequently, the topic of quadratic equations is difficult to explain. This is because of the constant necessity of redrawing the plot on the blackboard to show a particular behavior of the parabola when one of its parameters is changed. Additionally, as a result of the interviews, the relevant information about the elements involved with the quadratic equation topic was collected. As a result of the data collection, the pARabola plotting application was designed. Additionally, an instrument with questions about interaction and application content was created to be applied in the classroom with the students.
In elementary algebra, a quadratic equation is any equation having the form
where represents a variable, the constant is the quadratic coefficient, is the linear coefficient, and is a constant term. The trial was conducted with the collaboration of three groups of Mexican undergraduate students at the Engineering and Technology Institute of Ciudad Juárez Autonomous University. As previously stated, the scope of this paper is presenting a first approach and assessment of AR technology usage in undergraduate classrooms; thus only a posttesting evaluation is presented.
Two sessions with each group of students were necessary to prepare the students and to obtain the overall data. The first session involved the professor offering the students a typical classroom session and explaining the elements involved in the quadratic equations using textbooks, slides, and whiteboard examples. After that, the second session began with an explanation offered to the students about the use of pARabola plotting application made by the authors of this research. The explanation included information about the inclination of the tablet in front of the marker to detect and display the plot, the functionality of the sliders, and the sections of the questionnaire. After that, the students explore and test the use of the pARabola application.
The students were encouraged to speak up while using the application to collect qualitative responses based on the "thinking aloud" technique, which is a method used to gather data in usability testing in product design and development [27] . The strategy asks students to say out loud what they are thinking about when solving the math problem.
In order to test the pARabola application two tablets and its correspondent markers were provided for the students. Two students would simultaneously test the application; after that, another two students would do the same; this process was repeated until all the students of the class had a chance to test the application. The average time spent by each student was 7 minutes. AR was used by the students to try to enrich the knowledge acquired, during the previous session with their teachers, about quadratic equations. The data collection took place at the Engineering and Technology Institute of Ciudad Juárez Autonomous University during the first week of May 2014.
4.1.
Participants. The pilot study was performed with three different Mexican undergraduate students groups with three different professors. The students belong to several engineering academic programs. The sample application was tested after the students received the typical information offered by the teacher about quadratic equations.
A total of 59 students from different levels and academic programs participated in the study: 27 in the first group, 22 in the second, and 10 in the third. All of the participants stated owning a smart phone and feeling comfortable using mobile apps. The students were informed of the purpose of the research and their right to withdraw at any moment without any reprisal. Informed consent was obtained from every participant. An example of the students performing the proposed experiment and using the tablet device pointing to the marker is shown in Figure 6 .
Results Obtained
An explanation of the findings obtained after the use of pARabola application and application of the questionnaire are explained in the following subsections.
The Questionnaire.
The questionnaire designed with the information obtained after the interviews with the teachers is shown in the following. It consists of 26 questions divided into six parts.
Questionnaire for Students. The questionnaire in Table 2 is part of a study being conducted by the AR group of Ciudad Juárez Autonomous University in order to obtain information about incorporating AR technologies as a complementary tool for the mathematics and physics subjects, especially for the theme about quadratic equations. The information obtained will be treated with absolute discretion and respect and will be used only for academic purposes.
Part A: General Data.
Part A of the instrument was created in order to obtain general information related to the gender, age, academic program, and semester of the students.
From the total sample size = 59 (ages 18-31, mean = 19.54, mode = 18, median = 19, and standard deviation = 2.43), 79.66% ( = 47) were male and 20.34% ( = 12) were female. Participants were enrolled in different semesters; the second semester had the bigger quantity of participants representing 81.36% ( = 48), the fourth semester had 11.83% ( = 7), the sixth had 5.08% ( = 3), and finally one case of the tenth semester represents 1.69% ( = 1) of the total population.
The distribution of the academic programs of the participants corresponds to the following information: aeronautical engineering 11.86% ( = 7), civil engineering 10.16% ( = 6), electrical engineering 8.47% ( = 5), industrial and systems engineering 15.25% ( = 9), manufacturing engineering 3.38% ( = 2), automotive systems engineering 5.1% ( = 3), computer systems engineering 33.89% ( = 20), and digital systems engineering and communications 10.16% ( = 6). There was one participant who did not specify the academic program.
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Part B: Diagnostic
Questions. This section of the instrument was created to serve as a quick diagnostic. The goal was to discover if the students understood the concepts related to the quadratic equation as taught by the teacher and experienced through the AR application. Despite the fact that the students are at an undergraduate level and the topic of quadratic equations should not be new to them, it was reported that 53 students respond yes to question one about the previous knowledge of the parabola equation and 6 students answered no.
In regard to the parts of the parabola (question 2), 47 students mentioned that they could perfectly identify each part, 11 said no, and 1 student did not respond. With respect to question three, about the general form of the equation that opens to -axis, 55 students chose yes while 4 students chose no. For question four, about the vertex of a parabola, 33 students responded yes, 19 responded no, and 7 students refrained from providing an answer.
Referring to question five, 19 students answered yes, 33 answered no, and 7 did not respond. On the final question, 30 students said yes, 25 said no, and 4 did not answer.
In conclusion, more than 65% of the students can perfectly identify the parts of the parabola and its correspondent equation and are familiar with graphic representations. Albeit a higher percentage would be assumed for this sample, the results invite an in-depth comparison study to weigh in the affordance provided by AR as a complementary tool.
Part C: Application
Contents. This set of four questions was created in order to familiarize the participants with the environment of the pARabola application. All four questions are of dichotomous type.
By referring to question one, 50 students indicated that the 3D model through the parabola AR displayed all the items they had seen in their class with the professor, 8 students mentioned that the application does not show the items, and one student did not answer. For question two, 100% of students indicated that, upon using the application, the result obtained was as expected.
In regard to whether the virtual environment represents in a better way the concepts previously explained by the professor, 53 students indicated yes; the rest indicated a negative response. Finally, 54 students indicated that application helps them remember the parts of a parabola and its plot more easily; the other 5 students responded no.
With the partial results obtained with Part C of the questionnaire, the AR experience begins to show insight on how the applications developed following the proposed architectural model could be tailored to be used in a teachinglearning environment.
Part D: Application
Design. This part of the questionnaire is composed of four questions with a Likert scale. A Likert scale is a psychometric scale commonly used for scaling in survey research. The goal of the questions in this section is to obtain information about the level of agreement or disagreement with the design of pARabola application. Five ordered response levels were used, where number five corresponds to strongly agree and number one to strongly disagree.
In Table 3 the statistics obtained for Part D of the questionnaire are shown. From the second to the sixth columns, the numeral represents the number of students who select the correspondent number of Likert scale. As can be seen from Table 3 more than 70% of the students considered the application attractive. More than 50% of the students argued that colors used were selected adequately. With respect to the legibility of the numbers and letters, more than 80% of the students agreed with the selection. Finally, referring to the size of the buttons, more than 85% of the students expressed that the size was adequate. type. The questions try to measure the level of agreement or disagreement about the functionality of the pARabola application. In Table 4 the statistics obtained for Part E of the questionnaire are shown.
As it was shown in Table 4 more than 88% of the students consider the application very intuitive. For more than 96% of the students, fast marker detection was easily performed inside the application. Almost the same occurs about the quick locating of the parabola image. Finally, the main problem detected was regarding the manipulation of the application by means of the sliders.
Part F: Application General Questions. Part F includes 3
open questions of polytomous type and one with multiple options. The questions were created to obtain information about the AR experience and the external factors which influenced the handling of the application presented.
General comments obtained from the students stated that more than 85% had never used augmented reality. The rest explains that their previous interactions with AR were using commercial applications such Aurasma or Wikitude. The results obtained for question 2 were very varied, but one of the repeated answers was artificial intelligence, programming, circuit design, physics, and other mathematical issues like derivation and integration.
For question 3 about the index of satisfaction with the augmented reality experience 58 students are satisfied with the application while one student does not like the application. The comments obtained by the students were the following.
(i) "My experience was satisfactory, because the subject of quadratic equations was simple to understand by using the pARabola plotting app. "
(ii) "The experience was really good; the idea is creative and helps for the better visualization and understanding. "
(iii) "The application is very innovative and interesting; it has a very intuitive interface. "
(iv) "With the use of the application, I can handle directly the parabola which cannot be done easily in my notebook. "
(v) "For me was a very good experience, cause [sic] the interface seems like a video game, which is one of my main ways of entertainment. " (vi) "With the application I can better understand the concepts explained previously by the professor. "
(vii) "I really do not like the application, it was difficult to handle. "
With respect to question four, more than 90% of the students mark the four items, which explains that the use of the application was generally good and the environment was adequate. Finally, with respect to general comments, the most frequent suggestion was to change the way to manipulate the values of the equation. The recommendation was to add text boxes to type in the required input instead of the sliders.
Discussion.
After an analysis of the results, several issues were detected. First of all, almost all the students consider the use of the pARabola application a very good way to understand the concept of quadratic equations. The use of the application in the classroom creates an adequate environment for students to increase the enthusiasm to obtain new knowledge.
Since today's generation of students is much familiarized with the smartphones and in general with Web enabled devices, it can be easy to extend the process of learning to those devices. The capability offered by AR to observe, in an interactively way, the educational content in real time gives the students a richer, different, and more real experience. The students will be engaged and motivated to discover issues and apply them to the real world from diverse points of view that could never be implemented in the real classroom environment.
Even though the survey was administered to students only, some teacher comments were also obtained during the session of using the pARabola application. The professors argue that using the application is easier to explain what happens with the plot if a parameter is changed and avoids the difficulty of redrawing the graph on the whiteboard several times when a parameter is changed.
By all of the above, the study concludes with the argument that using AR in the classroom was a very good experience for the students and for the professors too. However, there are still many obstacles and challenges to be solved in order to easily insert AR technology to the Mexican classrooms.
One of the main obstacles is the lack of programming and 3D models skills that often the teachers have outside the computing area. Because of this, it is imperative, in the future, to work on designing tools to easily build AR environments. This could help professors easily prepare the AR content.
As can be seen in the results of the current study and the success other authors have had using AR as a mean to further enhance learning, we believe that once the framework is completely implemented it can be extended to many other areas aside from mathematical problem visualization, particularly areas that can benefit from contextual information, spatial exploration, and multimedia intensive domains. The proposed framework can become a powerful tool for students and teachers alike; students can use the AR content as a way to practice and review concepts outside the classroom on their own schedule, while teachers can create more engaging and meaningful material. The implementation of AR content can be beneficial for other mathematical topics such as integrals, derivatives, and geometry. Moreover, the framework proposed can be used in other subjects such as chemistry to visually explain a chemical reaction, biology to explore the heart and its main components, electronics to see what the components are doing, and so forth.
At the end of this pilot study we detected that the main challenge for Mexican institutions is trying to introduce in its educational and teaching model the AR technology as a tool to use inside the classroom. This will have some implications such as covering the costs to create and maintain AR solutions (which typically are expensive), reconfiguring the classroom installations to promote the collaborative work, the resistance to the use of new technologies, and the cost of training the professors to use the AR educational contents, to only name a few.
Conclusions
In this paper a new framework approach to create a mobile augmented reality application was presented. The ability of the framework was tested with the so-called pARabola plotting used to explain the concept of a quadratic function to Mexican undergraduate students. Each stage of the framework was explained in detail to finally show how to create the complete application to interact with a graph of a quadratic equation. After the presentation of the framework it was shown that it is possible to create an application from the ground up; in addition, having prefab objects with encapsulated functionality makes the creating process accessible to an even wider audience.
The application was used to observe the impact of an AR experience in Mexican undergraduate students. To aid with this task, a questionnaire was designed as a result of different interviews with several mathematics and physics professors. The results obtained with the application of the questionnaire, about the use of AR technology, show that the use of AR can help enhance the teaching-learning process in Mexican classrooms and motivates the students and can be an alternative technology to revolutionize the learning paradigm in the future. These two types of findings typically are not displayed simultaneously in AR papers, and particularly any indication of this type of work has been reported in Mexico.
There is still work to be done to enhance the current framework, such as including the AR collaborative feature, which allows multiple devices to intuitively discover and connect with each other to share information and interact with scene elements, and creating a more natural and compelling environment for the students. Additionally, in the future, a strategy to detect which learning-teaching activities can be implemented using AR will be designed.
